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Nano-indenterAbstract The use of sulfur in pavement laying was developed in 1980 but it was restricted in the
late 19th century due to its environmental problems and its high reactivity toward oxidation
processes which give sulfuric acid products that are capable of destroying the asphalt mixture.
The study involved the conversion of elemental sulfur to a more stable modified one using a com-
bination of byproducts of olefin hydrocarbons that were obtained from petroleum fractional distil-
lates and cyclic hydrocarbon bituminous residue at 145 C. The changes in the structural
characteristics and morphology of prepared modified sulfur were studied using XRD and SEM
respectively. Also DSC curves help us to elucidate the changes in sulfur phases from a-orthorhom-
bic to b-mono clinic structure. The technique of nanoindentation helps us to compare the mechan-
ical properties of modified and pure sulfur including modulus of elasticity and hardness. The hot
mixture asphalt designs were prepared according to the Marshall Method in which the asphalt
binder content was partially substituted with 20%, 30%, 40%, and 50% modified sulfur. The
mechanical properties were measured including Marshall Stability, flow, air voids, and Marshall
Stiffness. From the overall study, the results indicated that asphalt could partially be substituted
with modified sulfur with no significant deleterious effect on performance and durability of hot
mixed asphalt.
 2015 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).1. Introduction
With declining reserves of petroleum crude oil and increasing
oil price, production of alternative asphalt binder from non-
conventional sources will become increasingly profitable. Dur-
ing the last decades in Egypt, the availability of sulfur as a by-
product has increased considerably, this is mainly due to the
implementation of strict environmental restrictions on natural
484 E.R. Souaya et al.gas refining processes which limit the maximum quantity of
sulfur present in natural gas [1]. That is why nowadays it
becomes more important for using sulfur in road construction.
Sulfur Extended Asphalt (SEA) was originally developed and
promoted in the 1970s and 80s by the US Bureau of Mines
and Federal Highways. However, significant problems with
storing hot sulfur at the asphalt mix plant as well as pre-
blending the sulfur with the bitumen were encountered.
Because sulfur is approximately twice as dense as bitumen, seg-
regation within the bitumen/sulfur blend was frequently
observed within the binder tank. This was an issue as the ratio
of bitumen and sulfur was carefully designed to optimize the
properties of the final asphalt mixture. When these issues were
overcome, the asphalt mixture did perform well. Aside from
the processing and handling challenges, there were health
and safety concerns, which arose from the prolonged exposure
of the sulfur to the bitumen at elevated temperatures.Although
odor and vapor emissions from the hot paving mixtures during
road construction were in compliance with legislated health
standards, they were a regular source of worker complaints.
In the late 1990s, many improvements in sulfur have been
achieved by adding a modifier component to the sulfur cement(a) Photo of pure sulfur
(b) A Photo of modified sulfur
Figure 1 Photograph of pure and modified sulfur.formulations. Diehl [2] has shown the improvement of sulfur
concrete formulations by the addition of small quantities of
dicyclopentadiene as a modifier for sulfur. Such modified
cement formulations exhibit improved compressive strength
characteristics. McBee et al. [3] have shown a variety of sulfur
cement formulations such as sulfur concrete, sand sulfur
asphalt paving and the like wherein the sulfur binder compo-
nent is modified by dicyclopentadiene. Sullivan etal. [4,5] (both
Bureau of mines reports of investigations) have also described
various sulfur cement formulations in which the sulfur binder
is modified with dicyclopentadiene. Sullivan et al. [6] have also
described various sulfur cement formulations in which dicy-
clopentadiene, dipentene, methylcyclopentadiene, and styrene
were investigated as modifiers. Although dicyclopentadiene is
the best modifier for sulfur, it needs a reflux during the reac-
tion because it is extremely volatile with unpleasant gas odor.
So it was necessary to develop an economical and safe environ-
mental means for modifying sulfur, which was done in this
study by mixing a by-product obtained from petroleum frac-
tional distillates C5 and bituminous residue together as modi-
fying agent. Then the prepared modified sulfur will be added
directly to hot mixed asphalt paving in order to eliminate the
expense and hazards associated with using hot liquid sulfur
and significantly decrease the fumes and odors emanating from
the paving mixture. This is primarily due to the fact that the
solid sulfur is added to the hot mixed asphalt (HMA) rather
than the binder, thus ensuring that the sulfur is exposed for
only a relatively short time to the hot bitumen. The prepared
modified sulfur was characterized and confirmed using XRD,
DSC, SEM and nanoindentation techniques. Then asphalt
hot mixture designs were prepared and compacted according
to the Marshall Method in which asphalt binder contents were
partially substituted with 10% to 50% modified sulfur. The0 
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Figure 2 Sieve analysis of Job mix formula.
Table 1 Physical properties of coarse and fine aggregates.
Properties Aggregate gradation C 136/T
27
Coarse Fine Standard
Bulk specific gravity (kg/m3) 2.569 2.571 C127/T27
Apparent specific gravity (kg/m3) 2.607 2.595 C128/T84
Water absorption (wt%) 9.7 10 C128/T84
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Stability, flow, air voids, and Marshall Stiffness.
2. Materials and methods
2.1. Materials
In the experiment elemental sulfur was obtained from E-Chem.
Company as a byproduct with 99.9% purity and bitumen
60/70 paving asphalt from the Suez Company. The crushed
Limestone aggregate, limestone mineral filler, and crushed
sand were originally obtained from Ataka Suez-Egypt and ole-
finic hydrocarbons C5 byproducts from Alex petroleum
distillates.
2.2. Methods
2.2.1. Preparation of modified sulfur
In an oil bath, 10 wt% mix of 7% residual olefinic hydrocar-
bons obtained from petroleum distillate fractions C5 + 3%
bituminous residue and 90 wt% of molten sulfur wereFigure 3 FTIR spectra of (a) olefinic hmechanically mixed at a controlled temperature of 145 C
for a period of about 3 h. The reaction progress was monitored
by recording the viscosity variations during the mixing process.
Then samples were allowed to cool at a controlled rate of
8–10 C/min. The product is solid modified sulfur, which is
black in color as shown in Fig. 1.
2.2.2. Characterization of modified sulfur
The following equipments were used for characterization:
– FTIR spectrophotometer (Model 960 Mooog, ATI Matt-
son Infinity Series, USA) for IR spectrum analysis. The
IR spectrum of pure and modified sulfur was taken as
powder mixed with a small amount of KBr powder to make
the IR pellet.
– X-ray powder diffraction Philips PW/1840, with Ni filter,
Cu-Ka radiation (k= 1.542 A˚) at 40 kV, 30 mA and scan-
ning speed 0.02/S, for the examination of the interlayer
activity in the modified sulfur.
– Scanning electron microscope (SEM; Philips) for character-
ization of the microstructure.ydrocarbon and (b) modified sulfur.
Figure 4 X-ray diffraction of (a) elemental sulfur, and (b) modified sulfur.
486 E.R. Souaya et al.– Differential scanning calorimeter (Perkin ElmercDSC7), for
heat capacity measurements, through phase transitions on
heating.
– Nanoindenter supplied by MicroMaterials Ltd. Wrexham,
U.K. The indenter is equipped with a diamond pyramidal
Berkovich tip.2.2.3. Preparation of asphalt mixture design with modified sulfur
Firstly the aggregate mixtures were designed according to the
standard limits of surface (wearing) course 4c as shown inFig. 2. The job mix (%wt) was formulated using coarse and
fine aggregates, sand and filler as 23, 33, 40 and 4 wt%, respec-
tively. The physical properties of aggregates are illustrated in
Table 1.
Different asphalt mixture designs were prepared with mass
sulfur percentages 0%, 20%, 30%, 40%, and 50% using the
Marshall Method according to ASTM D-6927.
The replacement of asphalt with modified sulfur is made on
an equivalent volume basis, accounting for the higher specific
gravity of sulfur needed to maintain existing standards for mix
impermeability and durability [7]. The following simplified
(a) SEM of pure sulfur 
(b) SEM of Modified sulfur 
Figure 5 SEM of (a) pure sulfur, and (b) modified sulfur.
Figure 6 Differential scanning calorimetric (DSC) cur
Partial substitution of asphalt with modified sulfur 487equation can be used to convert a conventional mix design to
an equivalent volume of total binder (sulfur and asphalt); this
is based on the Bureau of Mines work [8].
Total binder massðwt%Þ¼ 10000AR
10000R100PsðR1ÞþAPsðRþ1Þ
where A=mass% asphalt binder in conventional mix design;
R= sulfur/asphalt specific gravity ratio; PS=mass% sulfur
in total ‘‘binder”.
3. Results and discussion
3.1. Characterization of modified sulfur
Addition of olefin hydrocarbon polymeric material to sulfur
initiates chemical reactions whose type depends on the poly-
mer content, heating temperature and time of the reaction. It
should be pointed out that, at T< 95 C sulfur exists as a
cyclooctasulfane crown with an S–S bond length of
0.206 nm, and S–S–S bond angle of 108. At T< 119 C sulfur
crystallizes, when elemental sulfur is heated to 119 C, then
cooled, with a slower cooling rate of <1.5 C/min, resulting
in the formation of a dense alpha sulfur crystal (Sa) with
orthorhombic sulfur morphology. At 119 C (melting point
of sulfur), the polymer thoroughly dispersed in liquid sulfur
and cyclooctasulfane turned partly into polymeric zigzag
chains (bond length of 0.204 nm) [9]. At heating temperatures
less than 140 C, elemental sulfur forms polysulfide com-
pounds, which initiates formation of a network. Such struc-
tures differ considerably in the chemical and thermal stability
from unmodified sulfur [10] as mentioned below.
3.1.1. FTIR spectra
Modification of sulfur was strongly supported by FTIR spec-
tra shown in Fig. 3a and b, provided to olefinic additives andve for pure sulfur at a heating rate of 5 deg min1.
Figure 7 Differential scanning calorimetric (DSC) curves for modified sulfur (DCPD) at a heating rate of 5 deg min1.
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Figure 8 Load–depth curve of pure and modified sulfur.
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Figure 9 Hardness and reduced modulus of pure and modified
sulfur.
Figure 10 Marshall Stability curves of different sulfur asphalt
mixtures.
488 E.R. Souaya et al.modified sulfur respectively. It was observed that the bond of
C‚C at 1650 cm1 concerned with olefinic additives disap-
peared and a bond formed at 694 cm1 which is consistent
with C–S stretching.3.1.2. Structural analysis via X-ray diffraction (XRD)
XRD analysis of modified sulfur (before separation of polysul-
fide) does not show any significant shift compared with pure
sulfur, since untreated sulfur presumably covers the modified
one. But after the separation of untreated sulfur from
polysulfide with CS2, XRD spectra shown in Fig. 4b of
modified sulfur showed a lower shift in (2h) compared with
pure sulfur shown in Fig. 4a.
3.1.3. Morphological scan
The effect of the modifier on sulfur morphology was evaluated
using SEM. The difference between the structure of pure sulfur
and the modified one as shown in Fig. 5a and b was quite evi-
dent in sulfur modification. In pure sulfur, the presence of high
numbers of pores formed due to b to a transitions, the result-
ing stress, has led to crack propagation in the matrix [11]. On
Figure 11 Unit weight vs. binder content of different sulfur
asphalt mixtures.
Figure 13 Air voids in different sulfur asphalt mixtures.
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having b-structure can be observed in all parts of the modified
sample with no crack. The results make it clear that the mod-
ifier is a superior modifier for pure sulfur.
3.1.4. Differential scanning calorimetry (DSC)
In fact, Sa? Sb transition occurred at 105 C and the transi-
tion of Sb? Sc can be seen at 122 C for pure sulfur [12].
Figs. 6 and 7 show the DSC curves of the pure and modified
sulfur respectively. It was revealed that the Sa? Sb transition
disappeared, while the occurrence of Sb? Sc was observed at
113 C, much lower than that for pure sulfur, with a signifi-
cantly decreased peak height, in comparison with the corre-
sponding peaks in Fig. 6. In support of the results concluded
from SEM image of modified sulfur in Fig. 7, the observed
DCS curve clearly revealed that the presence of modifyingFigure 12 Flow of different samples of sulfur asphalt mixtures
by Marshall Method.agent has effectively prevented the a? b transformation in
sulfur.
3.1.5. Nanoindentation
Nanoindentation tests were conducted using a nanoindenter
supplied by MicroMaterials Ltd. The indenter is equipped with
a diamond pyramidal Berkovich tip and the direction of inden-
tation is horizontal. The load and displacement resolution of
the indenter are 1 mN and 0.01 nm (nanometer) respectively.
The load controlled tests (maximum load 50 mN) are
conducted on pure and modified sulfur. Indentations are per-
formed on randomly selected areas. The indents are located
at least 60 lm (micrometer) apart to avoid the influence of
residual stresses from adjacent impressions. Testing is con-
ducted at room temperature (25 C) controlled by the temper-
ature chamber attached to the nanoindenter. As shown in
Fig. 8 the load–displacement curve for modified sulfur is
shifted more to the left side (low in depth) indicating higher
hardness than pure molten sulfur. By comparing the elastic
modulus and reduced modulus plotted in Fig. 9 the resultsFigure 14 The optimum binder content of sulfur asphalt
mixtures.
Figure 15 Marshall Stiffness of different sulfur asphalt mixtures.
490 E.R. Souaya et al.indicate that modified sulfur had higher mechanical strength
than pure sulfur.
3.2. Engineering properties of asphalt mixture
3.2.1. Marshall mixtures design
All prepared mixtures comply with the standard specification
of HMA for surface course in roads of high traffic volume.
The Marshall Designs were carried out on virgin asphalt and
sulfur substituted asphalt mixtures at which sulfur ratio ranged
from 20% to 50% of asphalt binder content.
The Marshall test properties including (stability, flow, air
voids, unit weight) for hot mix design were curved against
the binder content as shown in Figs. 10–13. For each prepared
mixture, the starting addition of binder content percentage was
changed according to the coverage of binder to all aggregates.
It was noticed that optimum binder content increased with
increasing sulfur content in the mixture as mentioned in
Fig. 14, this phenomena can be explained based on the concept
of higher density of sulfur = 1.8 gm/cm3 than asphalt den-
sity = 0.8 gm/cm3 which leads to lowering of the total volume
of binder content, that will not be able to cover all the aggre-
gates in the mixtures.
Substitution of asphalt binder with 20% modified sulfur
gives nearly the same Marshall properties of normal asphalt
cement with the nearest percentages in optimum binder
content and this phenomenon is based on the concept of solu-
bility of sulfur in asphalt cement. As was stated previously [13]
the solubility of sulfur in asphalt appears to be about 18–20
percent at mixing temperature.
Fig. 15 shows that Marshall Stiffness of sulfur substituted
asphalt mixtures increased with increasing sulfur ratio from
20% to 50% that was attributed to the hardness of polymeric
sulfur that will be greater than that of normal asphalt cement
stiffness.
Substitution of asphalt with different ratios of modified sul-
fur keeps the air voids in the mix within the limits of the pave-
ment in the range of (3–5%), unlike substitution of pure sulfur
that decreases the percentage of air voids in the mix due to the
crystallization of sulfur from the asphalt solution and fills the
air voids in the mixture [14].A 50/50 sulfur/asphalt mixture gives Marshall Stiffness
higher than that of 0/100 mixture with a ratio of 55% that
may increase the susceptibility of the mixture to be cracked
under high loads so the best value for substitution will be at
40/60 sulfur/asphalt mixture.
4. Conclusions
– With developing of gas processing refineries in Egypt, the
current and anticipated future production of sulfur
increases that will be sufficient to provide substantial quan-
tities of modified sulfur in asphalt paving mixtures.
– After characterization and elucidation of prepared modified
sulfur using FTIR, XRD, SEM, DSC studies, the selected
mix of residues obtained from petroleum distillate (C5 frac-
tions and bitumen) acted as a good modifier for producing
stable polymeric sulfur.
– A nanoindentation for pure and modified sulfur approved
that modified sulfur had higher mechanical strength than
pure molten sulfur.
– In the Marshall hot mixture design; as the percentage of
substituted sulfur increases, Marshall Stiffness increases.
– 40/60 sulfur/asphalt mixture is the recommended substitu-
tion ratio for asphalt cement, since the increase in sulfur
ratio leads to an increase in the stiffness of the mixture that
will be more susceptible for cracking under heavy loads.
5. Recommendation
The mixing temperature of sulfur modified bitumen does not
exceed 145 C to avoid the evolution of H2S gases.
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